We observed only small differences in aortic dimensions between BAV morphotypes, that are eclipsed by variation in patient habitus. We interpret these findings to mean that BAV patients will not likely benefit from therapies based on aortic valve morphotype. Rather, we propose that all BAV patients should undergo longitudinal follow-up, independent of valve morphotype. Guidelines for aortic surgery based upon dimensions alone may be improved by considering patient characteristics such as age, body size and other characteristics.
Introduction
Bicuspid aortic valve (BAV) is the most common congenital cardiac valve abnormality, with an incidence of 0.6-1.5% in the general population and is seen more frequent in males and Caucasians [1] . Thoracic aortic disease, including thoracic aortic aneurysm (TAA), is more frequently seen in patients with BAV than the general population [1, 2] . Prior literature has variably reported association between BAV morphotype has been associated with TAA phenotype; notably, right-left (R-L) coronary cusp fusion is associated with aortic root aneurysm and right-non-coronary (R-NC) cusp fusion has similarly been associated with ascending aortic aneurysm [3] .
The etiology of these reported associations is not yet apparent, but they may be of genetic or biomechanical causes [4] . There is a common embryological origin of the aortic valve and ascending aorta, developing from neural crest cells early in embryogenesis [5] . It might be reasonable to believe that a genetic defect specifically altering the function and development of neural crest cells could result in defects of both the aortic valve and the media of the ascending aorta. Additionally, there is evidence for increased shear stress upon the aortic root and ascending aorta caused by abnormal flow direction through the bicuspid aortic valve [6] , even in the absence of aortic leaflet thickening, calcification and stenosis [7] . Differences in direction of flow in the ascending aorta have been observed between R-NC and R-L morphotypes of BAV, thus formulating a mechanistic hypothesis for differences in aortic dimensions between BAV morphotypes [8] .
We hypothesized that BAV morphotype would be associated with aortic aneurysm phenotype in an BAV cohort, but that other patient variables would significantly modify this relationship and have important clinical implications to care of the BAV patient. To examine this hypothesis, we used a cohort of BAV patients predominantly ascertained by presentation for cardiac surgery.
Methods Patients
After local Institutional Review Board approval, patients with BAV and with available raw imaging of the aortic valve and the ascending aorta to its mid-portion prior to aortic valve and aortic surgery were identified from administrative records of Partners Healthcare (Boston, MA). For patients with an ICD-9 code 746.4, we extracted imaging, operative and discharge records and performed text searches for bicuspid aortic valve. We excluded patients with unavailable, inadequate or disputed imaging recorded prior to any reported cardiac surgery, patients with tricuspid aortic valves on arbitrated imaging, syndromic aortic disease or prior coarctation repair, a history of rheumatic or endocarditic valvular heart disease, patients with bicuspid NC-L fusion because of the rarity of this morphotype, and those under 18 or over 90 years of age, yielding 829 patients for analysis.
Age, height, weight, the severity of aortic stenosis and incompetence, and other clinical variables were harvested from clinical and surgical reports closest to, but not >180 days prior to, the date of aortic or aortic valve surgery. If a patient did not have aortic surgery the information was taken from the most recent clinical reports and imaging available.
Valve classification
Valve morphotype was classified as L-R (fusion between left and right leaflets), R-NC (fusion between right and non-coronary leaflets) ( Fig. 1) , or not bicuspid (tricuspid valves with no leaflet fusion) [3] . BAV was established by visualization of the aortic valve when seen in an axial view of the most recent transesophageal or transthoracic echocardiogram prior to surgery. Surgical notes and previous echocardiograms were used, when available, to confirm BAV diagnosis only. Identification of raphe was inconsistent among the cohort so this parameter was not included. All echocardiograms were performed and analyzed by trained echocardiography technicians and interpreted by a board-certified cardiologist. Two hundred and fifty randomly chosen patients and patients with indeterminate imaging were arbitrated twice to determine Only patients in which in both valve morphotype and aortic measurements were confidently identified were included in analysis. The severity of aortic stenosis and incompetence was determined by echocardiographic criteria [9, 10] or if unavailable, by cardiac catheterization.
Aortic dilation classification
The sinuses of Valsalva and proximal ascending aorta were measured from 2-dimensional images from inner edge to inner edge in the parasternal long-axis view at end-diastole for TTE images and from the mid-esophageal long axis for TEE images (Fig. 2 ) [12] . Because we observed strong univariate associations between older age, male gender, taller height, heavier weight and greater body mass index with increased dimensions of the aortic root and ascending aorta in patients with BAV, we performed additional analyses using normalized aortic dimensions to Z scores [13] . Z scores of aortic dimension were calculated using separate formulae for aortic root and tubular ascending aorta, and population norms derived by Campens et al. that take into account age, gender and body surface area [13] . The aorta was defined as dilated when Z score ≥1.96, and aneurysmal when Z score ≥3 [14] . Aortic phenotype was classified as root (maximal dimension at the sinuses of Valsalva), or ascending (maximum dimension at the mid-ascending aorta) dilation, both root and ascending aortic dilation, or being without dilation [15] . We did not use aortic shape classifications [16, 17] to describe the joint dimensions of the aortic root or ascending aorta as they lack concordance [15] and are potentially prone to observer variation.
Statistical analysis
Normally distributed continuous variables were summarized as mean and standard deviation and comparisons between groups were made by means of Student's t test. Categorical variables were summarized with percentages and inter-group differences analyzed using Chi square statistics. Multivariate linear and logistic regression models were developed to find independent predictors of aortic dimensions and categorical aortic dilatation (Z score >1.96 and 3.0). Multivariable regression models were developed by forward stepwise modeling criteria of F probability <0.05 for entry and >0.1 for removal, while forcing age, gender, BSA, valve morphotype and the presence of aortic stenosis and incompetence into the model. All analyses were performed using SAS or JMP (SAS Institute, Cary, NC, version 9.1) with a two-tailed significance level set at 0.05.
Sensitivity analysis was performed to compare the relative importance of BAV morphotype to patient habitus upon aortic dimensions. This was performed by comparing the relative effect of valve morphotype to the 20th to 80th percentiles of age (41-66 years), BSA (1.77-2.15 m 2 ) and gender (female-male) that we observed in developed 
Results

Cohort characteristics
From the source population of 2007 BAV patients we identified images for 927 patients where the valve fusion could be definitively identified on available imaging. Of these, 829 patients had sufficient imaging to measure aortic dimensions. The characteristics of the cohort are described in Table 1 . Of note, the cohort was relatively young (53 ± 14 years) and predominantly had R-L valve morphotype. Patient characteristics between the two morphotypes were similar, however those with R-L morphotype were older and had a higher incidence of hyperlipidemia. Moderate or greater aortic stenosis or aortic incompetence was observed in 20 and 12% of patients, respectively. No patient had an unrepaired coarctation of the aorta. The majority of patients (56%) had surgery for either aortic valve repair or replacement, or surgery of the aortic root, ascending aorta or the aortic arch. The remainder had not yet had surgery. There was no difference in the frequency of surgery between the two aortic morphotypes.
Predictors of aortic dilatation
Patients with R-L morphotype presented at an older age with larger aortic root ( Table 1 ). There were strong univariate associations between older age, male gender, taller height, heavier weight and greater body mass index with increased dimensions of the aortic root and ascending aorta in patients with BAV. The dimension of the ascending aorta at presentation did not differ between BAV morphotypes, even after adjustment for age, gender and BSA to a Z score. However, mean aortic root dimensions differed by 2 mm between BAV morphotype at the time of presentation and remained significantly different after translation to Z score. After adjustment for age, gender, BSA and the presence of moderate or severe aortic valve disease, R-L BAV morphotype was associated with small (<1 mm) increase in mean aortic root size, but not with mean ascending aorta size at presentation ( Table 2 ). Patients with moderate or severe aortic stenosis had a slightly smaller aortic root, but similar ascending aortic dimensions while patients with moderate or severe aortic incompetence had slightly larger aortic root, but similar ascending aortic, dimensions ( Table 2) .
Patients with a dilated aortic root, defined as aortic root dimension Z score ≥1.96 independent of ascending aortic dimension, were younger, more likely to be male, have lower BSAs, have a decreased frequency of moderate or greater aortic stenosis, and increased frequency of moderate or greater aortic incompetence (Table 3) . After accounting for these variables, there was a modest association of aortic root Z score with R-L valve morphotype (84% vs. 78%; P = 0.019). Even after normalization of aortic dimension to Z-score using an algorithm that makes use of age, gender and BSA [13] , we observed persistence of age, gender and BSA in multivariable models of aortic dimensions (Tables 3, 4), implying that the utilized Z-score transformation does not fully account for these factors.
Patients with aortic root aneurysm, defined as aortic root dimension Z score ≥3, were similarly younger, more likely to be male, have lower BSAs, have a decreased frequency of moderate or greater aortic stenosis, and increased frequency of moderate or greater aortic incompetence (Table 3) . After accounting for these variables, there was a marginal association of aortic root Z score with R-L valve morphotype (86% vs. 78%; P = 0.043).
Patients with ascending aortic dilatation, defined as ascending aortic dimension Z score ≥1.96 regardless of aortic root dimensions, were younger, but had similar frequency of other clinical variables (Table 4) . Patients with ascending aortic aneurysm, defined as ascending aortic dimension Z score ≥3, were younger and more likely to be female. After accounting for these variables, there was a no association of the ascending aorta Z score ≥1.96 (77% vs. 80%; P = 0.56), or Z score ≥3 (77% vs. 80%; P = 0.41) with R-L valve morphotype (Table 4) .
Sensitivity analysis examining the relative importance of BAV morphotype to age, gender and BSA using the multivariable models shown in Table 2 . In the aortic root, the presence of male gender, an increase in age of 25 years, an increase in BSA of 0.38 m 2 , aortic stenosis, and statin use all had a greater effect upon aortic root dimension than bicuspid valve morphotype. In the ascending aorta, all measured variables had a greater effect upon aortic root dimension than bicuspid valve morphotype. 
Discussion
The current study aimed to identify association between BAV morphotype and aortic dimensions and dilation. In doing so, we hoped to provide potential further insight into the cause of aortic dilation in patients with BAV and to identify patient parameters associated with aortic dilation. As previously described in other cohorts [3, 16, [18] [19] [20] [21] [22] [23] , we observed BAV patients with R-L phenotype have marginally greater aortic root dimensions than patients with R-NC morphotype, and may therefore be at greater risk of requiring surgery [24] . However, prior studies have not been in agreement with these findings [25] [26] [27] [28] [29] . Unlike previous cohorts, this study differed from prior studies by inclusion of older patients who had not yet undergone surgery, thus perhaps representing a cohort more representative of an overall referral population than previously described surgical cohorts. Similarly, studies making use of both CT and MRI were also unable to find an association between BAV morphotype and specific regional aortic dilatation, validating our findings across different imaging modalities [25, 30] . Thus we argue that controversy still remains on this issue and that using different parameters, namely age, gender, and BSA, to predict aortic outcomes may be more clinically useful than using BAV morphology. Ascending aortic dimensions and risk of aortic dilation did not differ between the two morphotypes, in contrast to, and agreement with previous observations. Furthermore, the majority of individuals with a BAV are not aware of their aortic valve anatomy until they have symptoms of aortic valve disease or aortic aneurysm. Thus the observations we, and other studies, have made regarding associations between aortic valve morphotype and aortic dimensions may predominantly reflect the development of symptomatic disease rather than the rate of aortic dilation associated with aortic valve morphotype.
Previous studies have observed differences in aortic dimensions and rate of aortic dilation [31] between BAV morphotypes and suggested that BAV morphotype may be of use in risk stratification of BAV patients. However, we observed small differences in aortic dimensions between morphotypes in our study, that most likely do not have a major influence on incidence of aortic complications or determining timing of aortic surgery in BAV patients.
Wide inter-individual variability in aortic growth rates have been observed [27, 32] that are likely of greater clinical significance than a population averages for a specific BAV morphotype. Thus, we propose that longitudinal follow-up of all individuals with BAV will have greater utility, rather than increased intensity of follow-up of any particular BAV morphotype.
There is a lack of consensus on whether and how to adjust aortic dimensions for age, gender and body size when making clinical decisions. We observed strong univariate associations between older age, male gender, taller height, heavier weight, greater body mass index and surface area with increased dimensions of the aortic root and ascending aorta in patients with BAV, independent of BAV morphotype. These observations strongly support accounting for the patient's body habitus when defining normal and abnormal aortic dimensions.
Currently, expert Guidelines use absolute aortic dimensions without normalization for patient characteristics and do not account for the site of the maximal aortic dimension [33] . Our observations that age, gender and BSA modify the association between BAV morphotype and aortic root dimensions can be interpreted as indicating that use of aortic root Z scores may be advantageous when assessing the dilated aortic root. We did not observe the same effect for the ascending aorta. Based on these findings, we suggest that Guidelines make use of morphometric parameters such as BSA, age and gender in determining a cutoff value for surgery. We observed persistence of these three variables in multivariate analyses of aortic dimensions, demonstrating that the methods of normalization of aortic dimensions to Z score are not optimized [13] and that large-scale studies to improve Z score normalization methods are required. Similarly, we believe that Guidelines should take into account the site of aortic dimensions, thus allowing for normal differences in aortic dimension between the aortic sinuses and the tubular ascending aorta.
Limitations
The current study is a retrospective study without longitudinal follow-up. The rate of aortic expansion has important prognostic significance that was not examined in this population. The majority of patients examined in this study were imaged prior to planned aortic valve or aortic surgery and thus do not represent the full spectrum of the BAV population. Some studies have classified BAV into five or more different categories based on the presence (or absence of raphes), however, because many of our images were from just prior to surgery, severe calcification very often made it difficult for us to determine the presence of a raphe. Surgical descriptions for the presence of a raphe were not provided in a consistent manner. Thus we elected to not include stratification based on the presence of a raphe. We were comfortable with the surgical description of valve orientation as this is usually discernable and consistent and thus we categorized the valve morphotype in a way we believed to be more clinically beneficial. These limitations potentially make the time and cause of presentation an important cause of observed differences in aortic size. In addition, we are unable to provide information in this cohort of the value of blood pressure control or other drug therapies upon aortic dimensions or rate of growth. Two issues that we cannot resolve in this study are a lack of standardization of imaging dimensions between pediatric and adult patients and the differences in measurement of the aortic dimensions between different imaging modalities. For the majority of our patients, only echocardiograms were available so we were unable to verify our techniques through the use of other imaging techniques. As a result, this study only focuses on the use of measurements derived from echocardiograms in determining z-scores and we are unable to make any assessment on analysis of z-scores based on measurements from other imaging studies. The same goes for determining BAV morphotype.
Conclusions
The current study shows only small differences in aortic dimensions between BAV morphotypes, that are eclipsed by patient characteristics such as age, gender, height and weight. We interpret these findings to mean that BAV patients will not likely benefit from risk stratification or therapies based on aortic valve morphotype. Rather, we propose that all BAV patients should undergo longitudinal follow-up, independent of valve morphotype. Guidelines for aortic surgery based upon dimensions alone may be improved by considering patient characteristics such as age, body size and other characteristics.
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